Human nm23 has been implicated in suppression of metastasis in various cancers, but the underlying mechanism of such activity has not been fully understood. Using Drosophila tracheal system as a genetic model, we examined the function of the Drosophila homolog of nm23, the awd gene, in cell migration. We show that loss of Drosophila awd results in dysregulated tracheal cell motility. This phenotype can be suppressed by reducing the dosage of the chemotactic FGF receptor (FGFR) homolog, breathless (btl), indicating that btl and awd are functionally antagonists. In addition, mutants of shi/dynamin show similar tracheal phenotypes as in awd and exacerbate those in awd mutant, suggesting defects in vesicle-mediated turnover of FGFR in the awd mutant. Consistent with this, Btl-GFP chimera expressed from a cognate btl promoter-driven system accumulate at high levels on tracheal cell membrane of awd mutants as well as in awd RNA duplex-treated cultured cells. Thus, we propose that awd regulates tracheal cell motility by modulating the FGFR levels, through a dynamin-mediated pathway.
Human nm23 encodes a nucleoside diphosphate kinase (NDPK) with tumor metastasis suppressing activity (Steeg et al. 1988) . Reduced levels of nm23 expression correlate with high metastatic potential of certain tumors, including breast carcinoma and melanoma (Steeg et al. 1988; Freije et al. 1997) . Conversely, overexpression of Nm23 can reduce the metastatic potential of these tumor cells in vivo (Kantor et al. 1993; Leone et al. 1993; MacDonald et al. 1996) . There are eight related nm23 gene products in human (Nm23H1-H8) and two of them (Nm23H1 and H2) have been widely studied (for reviews, see Lacombe et al. 2000; Roymans et al. 2002) . The two proteins are 88% identical. The Drosophila awd (abnormal wing disc) gene product is the homolog of Nm23H1/2 and is the source for about 98% of the NDPK activity in embryos (Biggs at al. 1990) . It is 78% identical to either Nm23H1 or Nm23H2. Earlier studies showed that loss-of-function awd mutants exhibited early pupal lethality in part due to defects in imaginal disc development (hence the name; Biggs et al. 1988; Dearolf et al. 1988) . Interestingly, the first known allele of awd, killer of prune (K-pn), confers lethality to the otherwise benign eye color mutation prune (Biggs et al. 1988) . It has been suggested that K-pn may acquire ectopic substrate or cofactor specificity that exacerbates the underlying defects in mutated prune (Timmons and Shearn 2000) , which encodes a GTPase activating protein (GAP)-like protein (Teng et al. 1991; Aravind and Koonin 1998) .
The human Nm23 proteins display isotype-specific functions. For example, Nm23H1, but not H2, exhibits a single-stranded DNase activity that is activated by cytotoxic T cell-delivered granzyme A and presumably mediates apoptosis in the target cell (Fan et al. 2003) . On the other hand, the lethality of awd embryos can be rescued by human nm23H2 but not H1 (Xu et al. 1996) . Therefore, nm23 genes may be involved in various cellular functions relevant to different aspects of tumor progression.
One potential role for Nm23 as a metastasis inhibitor is regulation of cell motility (Roymans et al. 2002) . We suspect that if Nm23 is involved in cell migration events, many of the developmental consequences arising from lack of coordination during cell migration should be apparent in awd mutants and awd should genetically interact with the specific pathways that are activated in those subsets of migrating cells.
The Drosophila tracheal system is an excellent model for studying guided cell migration. The tracheal system arises from clusters of ectodermal cells (10 on each side of embryonic segments). Each cluster invaginates from the ectoderm and forms an epithelial sac termed tracheal placode of ∼80-100 cells. After formation of tracheal placodes, the entire tracheal system is constructed by coordinated cell migration without further cell divisions (Manning and Krasnow 1993; Metzger and Krasnow 1999) . The major chemotactic signaling that guides tracheal tube migration is mediated by the Drosophila FGFR encoded by breathless (btl; Glazer and Shilo 1991; Lee et al. 1996; Ohshiro and Saigo 1997) . Guided cell migration is achieved by expression of Branchless (Bnl; FGF homolog) from the surrounding mesoderm and target organs such as the guts (Sutherland et al. 1996) . Forced expression of bnl can redirect tracheal cells to the ectopic source (Sutherland et al. 1996; Ribeiro et al. 2002) whereas in the absence of Bnl no tracheal migration or fusion of tracheal tubes is observed (Sutherland et al. 1996; Wolf et al. 2002) .
Here we investigate the role of awd during tracheal tube formation and report novel findings that awd controls tracheal cell migration by modulating the levels of Btl/FGFR. In awd mutants, the Btl/FGFR levels are dramatically increased on the cell surface. Consequently, ectopic activation of downstream pathways and abnormal migration are evident in tracheal cells of awd mutants. Furthermore, the awd phenotypes are exacerbated by mutation in the Drosophila dynamin gene, shibire (shi; van der Bliek and Meyerowitz 1991). Taken together, these results show that awd is involved in attenuation of Btl/FGFR activity by vesicle-transport-mediated turnover, thus directly influencing tracheal cell motility. This is the first direct in vivo demonstration of awd/nm23 participation in a major RTK pathway that is crucial for controlled cell migration.
Results

awd is expressed in tracheal cells and is required for proper cell migration
We generated polyclonal antibodies against Drosophila Awd using bacterially expressed His-tagged version of Awd. The protein A affinity-purified antibody recognizes a single band slightly larger than the 17-kD marker in Western blots of protein extracts from Drosophila embryos and Drosophila S2 cell line (Fig. 1A) . The apparent size is in agreement with the calculated molecular weight, 19.2 kD, of the Awd protein. This antiserum was then used to detect the in vivo expression pattern. awd RNA has been detected in multiple tissues . To better identify possible expression of Awd protein in the tracheal system, we utilized a reporter transgenic line 1-eve-1 that expresses lacZ in all tracheal cells (Perrimon et al. 1991) . The lacZ insertion does not cause tracheal defects and the 1-eve-1 line will be used as wild type (Wilk et al. 1996 ; also see below). Immunostaining of 1-eve-1 embryos with anti-␤-Gal and anti-Awd antibodies showed that Awd is expressed at low levels in most of the embryonic cells and at high levels in the The same antibody was used to detect Awd expression (red) in vivo. The genotypes of the embryos are 1-eve-1 (wt); y, w; awd j2A4 (awd); and y, w; awd j2A4 (UAS-awd + awd). Tracheal cells were visualized by mouse monoclonal anti-␤-Gal staining (green). Arrows in the top left panel mark the anterior (a) and dorsal (d) sides of all the embryos shown. The top two rows of images are projections of five 1.5-µm confocal sections and the close-up images are single sections. The bottom two rows are projections of five 2-µm sections. The two channels were recorded sequentially to avoid bleed-through. tracheal cells (Fig. 1B) . It is worth noting that concentrated Awd staining in the trachea was observed only when the embryos were freshly prepared, treated with 0.5% Nonidet-P40, and handled gently. Examples of stage 12 and stage 15 embryos are shown in Figure 1B ; however, tracheal expression of Awd is detected as early as placode formation and persists until the entire tracheal system is constructed at stage 17 (data not shown). Note that Awd is a constituent in all tracheal cells examined, suggesting that chemotactic or other temporally and spatially specific signaling events do not regulate its expression.
We next examined the potential tracheal phenotypes in awd mutant. Three independently isolated alleles were analyzed. (1) awd j2A4 , in the Drosophila Genome Project collection, has been characterized as a proteinnull allele resulting from P-element insertion in the 5Ј untranslated region (Krishnan et al. 2001) . (2) awd KRS6 is a 788-bp deletion that removes the entire coding region (Timmons et al. 1993 (Timmons et al. , 1995 
KRB is a small chromosome deficiency (100D1: 100D3-4) encompassing awd (at 100D2). The embryos were stained with a tracheal lumen-specific monoclonal antibody 2A12. As shown in Figure 2A , stage 16 wild-type embryo shows a stereotypical tubule network. By contrast, all three awd alleles show a complex array of abnormalities. These include major disruption of the tracheal network accompanied by ectopic branching and looping (Fig. 2D,G) , appearance of a few extra branches or "knobs" (Fig. 2E,F) , and migration abnormalities (Fig. 2H,I ). All three homozygous awd alleles show 75%-80% phenocopies. As shown in Supplementary Table 1, the penetrance can be rescued (down to 11%-15%) by a wild-type awd transgene expressed in the tracheal cells using the btl-enhancerdirected UAS/GAL4 binary system (Fig. 1B) . These tracheal defects in awd can be generally described as ectopic tubule formation and migration. They are therefore very different from the well-studied btl/FGFR mutant phenotype, which is characterized by a lack of tubule migration (Fig. 2C) . To visualize the tracheal cells, we also stained the embryos with antibody against a constituent PAS-domain transcription factor, Trachealess (Trh; Fig.  2J ). There is no detectable effect of awd mutations on the subcellular localization or expression level of Trh (Fig.  2K,L) . In the examples shown, groups of dorsal trunk cells move ectopically (arrows in Fig. 2K,L) , making a 90°t urn away from the normal dorsal trunk position.
The lumen and nuclear markers documented above are useful for visualizing the tubule network and the tracheal cell positions, but they cannot provide correlation between the tubule phenotypes and the behavior of tracheal cells. To visualize the potential cellular defects in the tracheal system, the awd j2A4 allele was combined with the 1-eve-1 transgene and the embryos were stained with anti-␤-Gal antibody. The ␤-Gal reporter protein in 1-eve-1 is expressed in both the nucleus and in cytoplasm ( Fig. 1) , making it the best marker for visualizing simultaneously the position and the morphology of all tracheal cells. As such, the 1-eve-1 reporter gene has been used extensively as a general tracheal marker. Nonethe- less, to ensure that it is a true "neutral" marker, we first examined a large number of 1-eve-1 embryos (homozygous viable) by anti-␤-Gal staining. There are less than 1% of either awd-like or btl-like phenocopies (Fig. 3K) , well within the rate of spontaneous defects. Second, the phenotypes observed in awd j2A4 , 1-eve-1 embryos can be rescued by expressing a wild-type copy of awd in the tracheal cells directed by the btl enhancer (Fig. 3K) . Henceforth, 1-eve-1 will be used as a wild-type control and awd j2A4 , 1-eve-1 will be the representative awd allele. The wild-type tracheal network (Fig. 3A) consists of 10 interconnected subunits on either side of the embryo. The initially stubby tubes migrate outward and are fully extended at the end of embryogenesis at stage 17 (Fig.  3B) . The largest tubes connect axially and form the major trunk (dorsal trunk), while another set of tubes (dorsal branches) extends toward the dorsal midline and connects with its counterpart from the other side of the embryos (arrow in Fig. 3C ). The tracheal phenotypes of the awd mutant, at its most severe seen mainly in homozygotes ( Fig. 3D) , show complete disruption of the tracheal network. Fragments of the dorsal trunks scatter throughout the embryo with random, ectopic branches sprouting out. Note that the severe disruption of the trachea observed here is probably not secondary to a general embryonic patterning defect, as other late embryonic structures such as midgut are formed properly (Fig. 3D) .
The milder phenotypes seen in heterozygotes follow the same but less severe pattern. First, a segment of the dorsal trunk is "misallocated" to the position of transverse connectives (bracket in Fig. 3E ), reminiscent of those observed earlier (Fig. 2I ,K,L). In addition, ectopic cellular projections are seen sprouting out of these misallocated branches (insert in Fig. 3E ). Second, two dorsal branches appear to fuse at the stalk, but the tips separate and connect with their counterparts across the dorsal midline (asterisk in Fig. 3F ). The fusion is usually accompanied by the thickening at the base (arrowhead in Fig.  3F ). We suspect that such a defect is another manifestation of misallocation of cells. In other instances, dorsal . Note that to avoid complications from early embryonic patterning defects, only embryos older than stage 13 that showed proper germband retraction and, after stage 15, proper gut formation, were tabulated. Construction of the btl-GAL4, UAS-awd rescue chromosome is described in Materials and Methods.
branches from adjacent subunits are linked, rather than connecting with the counterparts across the embryonic midline (arrow in Fig. 3F ). Third, the tip cells of the dorsal branches, which receive the chemotactic signal, usually extend few stable cellular processes during the migratory phase (Fig. 3G) . In awd heterozygotes, multiple filopodia-like projections are seen extending from the tip cells; and they often do not point toward the direction of the normal migratory path (Fig. 3H ). Taken together, these phenotypes indicate that awd is required to regulate guided tubule cell migration. Note that we also analyzed an additional allele of awd (awd KRS6 in combination with 1-eve-1) and it showed the same tracheal defect (data not shown). The awd mutant phenotypes shown here are again in contrast to that of btl. In the severe btl phenotype, there is very little branch migration (Fig. 3I) , as noted previously (Klä mbt et al. 1992; Lee et al. 1996; Dossenbach et al. 2001) . In mild phenotypes, the overall tracheal network is formed but individual branches are often missing (Fig. 3J) . Thus, btl and awd appear to be antagonists in regulating tracheal tube migration.
awd antagonizes btl and cooperates with shi/dynamin The clue to the cellular defects that underlie the awd phenotype was provided by a recent study on the function of Drosophila dynamin homolog encoded by shibire (shi). Dynamin is an essential component in vesiculation by "pinching off" the invaginated vesicles from the membrane domain (reviewed in Brodin et al. 2000) . In Drosophila, the temperature-sensitive mutants of shi lead to paralysis at elevated temperatures due to failure of neurotransmitter uptake through synaptic vesicle internalization at the nerve termini (Kosaka and Ikeda 1983; Delgado et al. 2000) . Remarkably, in a genetic screen for mutants that exacerbate this effect, all three "enhancer" alleles isolated were awd mutants (Krishnan et al. 2001) . It is therefore proposed that Awd, as a source of GTP, serves a guanine nucleotide exchange factor (GEF)-like function for the endocytotic activity of dynamin GTPase.
We reasoned that Shi-Awd-directed endosome formation might also function in tracheal cells for recycling and turnover of the chemotactic Btl receptor. The molecular function of dynamin has been linked to growth factor receptor internalization through endocytosis (Sever et al. 1999; reviewed in Hinshaw 2000) . Furthermore, endocytosis of activated growth factor receptor is known to be essential as a first step for receptor downregulation (Vieira et al. 1996) . As such, loss of shi or awd in tracheal cells could result in overaccumulation of FGFR, leading to ectopic tracheal tube migration. If this is the case, the first prediction would be that reduced dosage of btl should alleviate the severity of awd phenotypes. As shown in Figure 3K , heterozygous mutants of these two genes each give moderate penetrance of the respective phenotypes. However, when the two mutations were combined in transheterozygotes, the awd-like (ectopic migration) and btl-like (lack of branching) phenotypes are reduced by 73% and 71%, respectively. We have also determined that the FGF ligand/bnl is not over-or ectopically expressed in the awd mutant ( Supplementary Fig. 1 ). Thus, the antagonist genetic interaction between awd and btl is most likely autonomous to the tracheal cells.
We next examined whether shi mutants would exhibit awd-like phenotypes. The temperature-sensitive shi 1 allele was used (Kitamoto 2001; Krishnan et al. 2001 ). Because shi is located on the X chromosome, we directly crossed shi 1 females with 1-eve-1 males. The progenies, consisting of heterozygous females and hemizygous males, were collected at permissive temperature (25°C) for 7 h and then shifted to 34°C for another 7 h. As shown in Figure 4 , loss of shi function indeed results in ectopic migration phenotypes of differing severity. (1) A mild one with occasional ectopic branching (sharp arrow in Fig. 4A ) and abnormal cellular projections from the tip cells (arrows in the insert in Fig. 4A ), similar to that seen in the mild awd phenotypes; or (2) a more severe one characterized by misallocation of dorsal trunk cells into the position of transverse connectives (Fig. 4B) , into the dorsal branch domain (Fig. 4C) , or into forming an extra loop of dorsal trunk (Fig. 4D) . In many cases, ectopic cellular projections can be clearly identified at the tips of ectopic branches (Fig. 4C,D) . Therefore, the underlying defects in shi mutant appear to be similar to those in the awd mutant. We note that the ectopic branching (mild; Fig.  4A ) and misallocation (more severe; Fig. 4B-D) of the shi phenotypes are approximately equal in numbers (Fig. 4G) , most likely reflecting the phenotypic outcomes of heterozygous females and the hemizygous males, respectively.
The endocytosis model proposed above also predicted that awd and shi mutants would mutually exacerbate their phenotypic outcomes. This proved to be true. awd and shi transheterozygotes (or heterozygote-hemizygote combinations) show high phenocopy numbers of total disruption of the tracheal network, with breakaway branches and tracheal cells (Fig. 4E) . Note that in the example shown in Figure 4E , the underlying internal structures such as midgut are formed properly (data not shown), indicating that the tracheal phenotype is not due to a general disruption of embryonic pattern formation. These extremely severe phenotypes resemble those observed in the most severe awd homozygous mutants and were observed very rarely in conditional shi hetero-or hemizygotes (Fig. 4F) . Also, these severe defects were not seen when awd heterozygotes were shifted to elevated temperatures (data not shown), indicating that the resulting tracheal phenotypes are specific for awd-shi interaction and not due to effects of elevated temperatures on awd heterozygosity.
FGFR is overexpressed in awd mutant
Having established that awd and shi cooperate in guided tracheal cell migration, we next asked whether in awd mutant the FGFR was overexpressed, as the proposed endocytotic function of shi-awd would predict. A btl-GFP chimeric transgene (Sato and Kornberg 2002) was expressed under the control of cognate btl promoter (see Materials and Methods). In the wild-type genetic background, the Btl-GFP fusion protein is barely detectable in the tracheal cells (Fig. 5A) , showing that expression of Btl-GFP by itself does not lead to overaccumulation of the fusion protein. This indicates that the expression level of btl-GFP is likely under the same stringent feedback control as for the endogenous btl (Ohshiro and Saigo 1997) . Significantly, at high magnification Btl-GFP-containing particles are seen internalized in all tracheal cells of wild-type embryo (Fig. 5A-C) , consistent with the notion that active internalization from the membrane domain prevents surface accumulation of Btl-GFP. This is further exemplified by lack of tracheal abnormality in wild-type embryos expressing Btl-GFP. However, in awd mutant, Btl-GFP accumulates at very high levels in the periphery of all tracheal cells. Such accumulation can be seen in mild dorsal branch fusion (Fig. 5D) , in abnormal tubule migration involving multiple dorsal branches (Fig. 5E ), or in ectopic branches emanating from severely disrupted tracheal network (Fig. 5F ). At higher magnification, Btl-GFP is seen outlining very small cellular processes (Fig. 5E) . Also, large aggregates of Btl-GFP are observed only in awd mutant background (Fig. 5D,E) . Overaccumulation of Btl-GFP is confirmed by Western blot quantitation (Fig. 5G) . It is worth noting that the in vivo Btl-GFP is detected as a smear at the molecular weight of ∼150 kD (Btl120 + GFP26 kD), indicating extensive posttranslational modifications. In addition, the overaccumulation effect is somewhat specific, as the level of EGF receptor (EGFR) is not increased. Also note that the shi-awd-directed turnover of FGFR is a function of all tracheal cells, that is, not dependent on ligand binding, as the overaccumulation is not restricted to tracheal tip cells in proximity to the presumed source of FGF ligand (Fig. 5E ). We find that the btl-GFP chimeric gene is most likely functional in vivo because this transgene exacerbates the otherwise mild expressivity of the awd heterozygotes, resulting in significantly increased severe tracheal defects (∼20%; see Fig. 5F for an example). As mentioned previously, these very severe phenotypes are rare in the awd heterozygote alone and not seen in wild-type embryos upon Btl-GFP expression. Thus, the accumulation of Btl-GFP in tracheal cells and the phenotypic outcome of this accumulation correlate specifically with the loss of awd function.
Significantly, the awd mutant effect on FGFR accumulation can be duplicated in the cultured cells. When the overall Awd protein levels are knocked down by RNA interference (RNAi; Fig. 6A ), the overall FGFR levels increased dramatically (Fig. 6B) . When visualized by staining for GFP, the cells examined before the RNAi took effect showed only low-level, internalized signal (Fig. 6C,D) . When the Awd level was knocked down, a substantial number of the cells overaccumulate the Btl-GFP chimeric protein on the cell surface (Fig. 6E,F) . Most remarkably, these Btl-GFP overexpressing cells extend either multiple filopodia (microspikes) or lamellipodia. It is also worth noting that awd knock-down does not affect the levels of EGF receptor (EGFR; Fig. 6B ), indicating that intracellular transport and turnover mechanism for EGFR and FGFR are likely different.
MAPK is ectopically activated in awd mutant trachea
Although the signaling events downstream of Btl are likely very complex, leading to cellular responses that alter gene expression and cytoskeletal structures, one accessible indicator is the activation of MAP kinase There is a nearly 30-fold increase in the most severe phenotype (E) when shi is combined with heterozygous awd mutant. Only embryos older than stage 13 that appear normal in segmental patterns were tabulated as described in Figure 3K. (MAPK). The Btl pathway is known to be the sole contributor for MAPK activation in tracheal cells from stage 11 onwards, when the cells just begin to migrate from the tracheal placodes towards the source of Bnl. For example, the extracellular domain of Btl, when fused to the C-terminal tyrosine kinase domains of other RTKs, is sufficient to activate MAPK and rescues tracheal phenotypes in btl mutants (Dossenbach et al. 2001) . In Figure  7 we show the MAPK activation pattern at stages 12 and 15 when there is active branch migration. Note that after stage 12 there is no more EGFR-directed signaling that specifies tracheal cell fates along the anteroposterior axis (Wappner et al. 1997) . The activated MAPK is detected using an antibody against a dually phosphorylated 11-amino-acid peptide encompassing the ERK1/2 activation site (designated dp-MAPK; Gabay et al. 1997; Yao et al. 2000) . In wild-type stage 12 trachea, the activated MAPK is detected in some, but not all, of the migrating tips (Fig.  7A) in agreement with the dynamic pattern of MAPK activation documented by previous studies (Dammai and Hsu 2003) . In wild-type stage 15 trachea, activated MAPK is detected exclusively in one migrating tip cell (Fig. 7B) . In awd mutant at stage 12, by contrast, activated MAPK is detected in multiple cells within the tracheal placodes (Fig. 7C ), whereas at stage 15 activated MAPK is detected throughout the abnormally fused dorsal branches, including the stalk cells (Fig. 7D) .
Discussion
We explored the mechanism of awd, the Drosophila homolog of the putative metastasis inhibitor nm23, in cell migration events during tracheal tube formation. The awd mutant phenotype does not resemble defects in other pathways that are known to be involved in promoting tracheal development, but are more consistent with loss of direction and increased motility of the tracheal cells due to hyperactivity of pathways involving FGFR.
awd cooperates with shi/dynamin to down-regulate the Btl/FGFR levels
Earlier studies established that awd participates in synaptic vesicle internalization likely by supplying GTP re- UAS-btl-GFP, awd j2A4 were examined. Because the btl-GFP and the 1-eve-1 transgenes are located on the same chromosome, ␤-Gal was used as a loading control. Btl-GFP is up-regulated by approximately fivefold whereas there is no concomitant increase in EGFR (a slight decrease, in fact) or the total MAPK levels in the awd mutant. quired for Shi/dynamin-mediated endocytosis (Krishnan et al. 2001) . Our data strongly support the model in which Shi/dynamin and Awd/Nm23 are also recruited to modulate RTK signaling through endocytosis of Btl/ FGFR. First, the awd tracheal phenotype (Figs. 2, 3) is alleviated by reducing the dosage of btl, indicating that awd may normally down-regulate the btl expression level (Fig. 3K) . Second, this assertion is supported by direct demonstration of overaccumulated Btl-GFP chimeric protein in the awd mutant background (Fig. 5D-F) . Third, shi mutant phenotypes resemble those in the awd mutants (Fig. 4A-D) . In addition, awd and shi cooperate in the same pathway, as heterozygous awd combined with shi heterozygotes or hemizygotes exhibit exaggerated phenotypes that are much more severe compared to awd or shi alone (Fig. 4E,F) . Fourth, using a btl-GFP chimeric transgene controlled by the cognate btl promoter, we observed FGFR internalization in the wild-type trachea (Fig. 5A-C) . Finally, we show that one prominent downstream effector of the FGFR signaling, MAPK, is ectopically activated in multiple tracheal cells that normally do not experience Bnl signaling (Fig. 7) . These results, coupled with our observation that bnl expression pattern in the stroma is not altered in awd mutant ( Supplementary Fig. 1 ), indicate that internalization of membrane-bound FGFR, mediated by awd and shi/dynamin, plays a major role in ensuring the proper level of chemotactic signal response in the tracheal cells. This notion is further supported by the observation in cultured cells, in which overaccumulation leads to dramatic formation of microspikes and lamellipodia (Fig. 6) .
It has been well established that excessive cell surface receptor density can lead to ligand-independent activation of downstream pathways by lateral aggregation and propagation of receptor phosphorylation (Verveer et al. 2000; Sawano et al. 2002) . Indeed, it has been shown that forced dimerization of the Btl protein devoid of the ligand-binding domain can induce ectopic migration phenotypes similar to those observed in awd and shi (Lee et al. 1996) .
Are there other potential targets of Awd-Shi action in tracheal development?
In developing Drosophila eye and wing imaginal discs, the extracellular domain (ECD) of the membrane-associated Notch is cleaved upon binding to the membranebound ligand Delta on the neighboring cell. The Delta- Figure 6 . awd knock-down in S2 cells generates phenotypes reminiscent of those in the awd trachea. Unless specified, all confocal images are projection of five 1-µm sections. (A) S2 cells stably expressing Drosophila EGFR (S2/DER; Schnepp et al. 1998) were cotransfected with either awd-specific duplex RNA (awd RNAi) or duplex RNA corresponding to the pBlueScript multicloning sites (control RNAi), and with pUC-HygMT vector or with pUC-HygMT-btl-GFP (S2/DER parental or S2/DER-btl-GFP, respectively). Cells were then treated with CuCl 2 for inducing the metallothionein (MT) promoter. Cell extracts collected at the indicated time after transfection were Western blotted and probed with anti-Awd antibody and reprobed with antibody against total MAPK, which serves as a loading control. Significant reduction of the Awd protein levels was observed 3 d after RNAi treatment in both cell types, indicating the btl-GFP transgene has no effect on Awd expression. The reduction is not due to cell death, as no obvious decrease of cell numbers was noted. Also, the cells appeared to be healthy (see below). (B) S2/DER cells were transfected with RNA duplex and pUCHygMT-btl-GFP as in A. Cell extracts were prepared at 1, 2, and 3 d after transfection and Western blotted with the indicated antibodies. There is a significant increase in the GFP levels in step with the decrease in the Awd levels. By contrast, reduction of Awd has only a slight negative effect on the EGFR levels. (C,D) Two fields of the S2/DER-btl-GFP treated above at 2 d after transfection, when no significant Awd reduction was observed. Low levels of Btl-GFP are mostly internalized. (E,F) Two fields of the S2/DER-btl-GFP treated above at 3 d after transfection, when significant Awd reduction was observed. A large number of cells shows overaccumulation of Btl-GFP in the cell periphery. These Btl-GFP overexpressing cells extend multiple filopodia (microspikes; white sharp arrows) or lamellipodia (block yellow arrow), whereas nonoverexpressing cells remain rounded with no or very few protrusions (open arrowhead). The insets in E are single confocal sections, showing the localization of overexpressed Btl-GFP in the cell membrane. White bars, 20 µm; red bars, 10 µm.
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ECD complex is then internalized by endocytosis into the Delta-expressing cell. Removal of Notch ECD facilitates the activation and dissociation of the Notch intracellular domain from the membrane by proteolytic cleavages. Interestingly, reduction of endocytosis due to shi mutation leads to reduced Notch signaling (Parks et al. 2000) . In tracheal cells, Notch expression in one of the two tip cells suppresses the fusion cell fate whereas the other cell (Delta-expressing) goes on to fuse with its opposing partner on the other branch (Ikeya and Hayashi 1999; Llimargas 1999; Steneberg et al. 1999) . In Notch loss-of-function mutant, additional fusion cells are generated and misconnection between neighboring tubes can be observed. Such a defect is also observed in awd mutants. However, in awd mutants, the most prominent defects are the result of misguided migration of tracheal tubes and individual tracheal cells, which are not observed in Notch mutant. We also argue that lateral fusion requires not only ectopic fusion cell fate but also misdirected migration. It has been suggested that Btl and Notch signaling can negatively modulate each other in the tip cells (Ikeya and Hayashi 1999) . Thus, the misconnection and lateral fusion observed could be due to downstream events of hyperactive FGFR signaling. Indeed, we observed only reduction, not overaccumulation, of either Delta or N ecd in the fusion cells in awd mutant (Supplementary Fig. 2; data not shown) .
Shi is also implicated in retrieval of Spitz (an EGFR ligand) and Sog (a Dpp antagonist) such that the spatial distribution and half-life of these extracellular ligands are restricted (Lee et al. 2001; Srinivasan et al. 2002) . Although EGFR and Dpp signaling pathways are involved in tracheal cell fate determination (Wappner et al. 1997) , they do not participate in guided cell migration.
Another potentially relevant target of endocytosis is E-cadherin. Recently, it was shown that ARF-6 (ADPRibosylation Factor) recruits Nm23H1 to mediate adherens junction disassembly, indicating that Nm23H1 is involved in turnover of the transmembrane protein Ecadherin (Palacios et al. 2002) . However, in Drosophila trachea, E-cadherin is specifically required for fusion of two opposing branches (Tanaka-Matakatsu et al. 1996) . Potential lack of E-cadherin internalization therefore cannot account for the misguided migration phenotypes observed in awd and shi mutants.
We did, however, note that Awd is not a general regulator of RTK expression. In embryos as well in cultured S2 cells, the EGFR levels are not affected by awd mutation or down-regulation (Figs. 5G, 6B) . What confers the specificity warrants further investigation.
The antimetastatic function of awd/nm23
Because awd/nm23 encodes a NDPK, it is believed that Awd/Nm23 may act as a GEF-like activator of GTPases. However, no definitive target GTPases have been identified for human Nm23 that can fully account for its antimetastatic activity. In light of the recent finding that FGF signaling is one of the very few "signature events" that underlie the metastatic potential of breast cancer (Kang et al. 2003) , our demonstration that awd/nm23 modulates cell migration via its participation in FGFR signaling provides one plausible mechanism for its antimetastatic function.
We have observed that neither the expression level nor the subcellular localization of Shi/dynamin was altered in awd/nm23 mutants (V. Dammai and T. Hsu, unpubl.) . It was also observed that Awd/Nm23 and Shi/dynamin did not form a stable complex in vivo (Krishnan et al. 2001; V. Dammai and T. Hsu, unpubl.) . Thus, Awd/ Nm23 likely supplies GTP through additional bridging factors (e.g., ARF-6; see above) or by increasing the local GTP concentration.
As we have noted in this report, awd mutant does not grossly affect the embryonic development. The awd mutant was originally described as early pupal lethal (Biggs Dearolf et al. 1988) , although the embryonic viability may simply be the result of maternal contribution of awd. In addition, embryos and larvae can tolerate quite well minor tracheal defects described in this report (Guillemin et al. 1996; V. Dammai and T. Hsu, unpubl.) . Why, then, is the awd mutant effect limited if awd is involved in regulating such important cellular process as endocytosis? Our data showing the differential effects of awd mutant on FGFR and EGFR strongly suggest that Awd, unlike Shi/dynamin, is not a general regulator of endocytosis. Dynamin has been shown to regulate vesicle formation from various membrane domains, not restricted to the cell surface (reviewed in Hinshaw 2000) . As such, Awd may selectively regulate a subset of vesicle transport events, perhaps depending on the availability of the cofactors or the "bridging factors" described above.
Materials and methods
Drosophila strains and genetics
The awd j2A4 allele is a single P-element insertion, resulting in complete null genotype. It has been characterized (Krishnan et al. 2001 ) and the insertion site has been mapped to the 5Ј untranslated region by the Drosophila genome project (Spradling et al. 1999 allele (all three on the third chromosome) by simple genetic recombination. All awd and btl alleles were paired with the balancer chromosome containing another reporter lacZ line that specifies ␤-Gal expression in the maxillary segment (TM3, P{ry + t7.2 = HZ2.7}DB2, Sb; from the Bloomington Stock Center). Therefore, when embryos resulting from heterozygous intercross were stained with anti-␤-Gal antibody, expression in only tracheal cells and not in the anterior embryonic segments indicates homozygosity. The heterozygous mutants were the result of 1-eve-1, awd j2A4 (or btl H82⌬3 )/ TM3, P{ry + t7.2 = HZ2.7}DB2, Sb crossed with homozygous 1-eve-1, to avoid complication from the mutations on the balancer chromosome. In this case, no maxillary staining indicates heterozygosity.
The btl-GAL4 and UAS-btl-GFP transgenic lines are gifts from T. Kornberg (University of California, San Francisco) and have been described (Sato and Kornberg 2002 For analysis of shi phenotypes, homozygous shi 1 (on the X chromosome) females were crossed with homozygous 1-eve-1 males. The resulting embryos were therefore either heterozygous females or hemizygous males, and all were stained by anti-␤-Gal in trachea. Because shi 1 allele is temperature sensitive, embryos were collected continuously at the permissive temperature (25°C) for 7 h, that is, a collection of embryos encompassing stages 1-11. The embryos were then removed from egg-laying flies and incubated at restrictive temperature (34°C) for another 7 h. Thus the final collection of embryos was about stages 11-16, an approximation due to growth variations at high temperature. For shi-awd interaction, homozygous shi 1 females were crossed with 1-eve-1, awd j2A4 /TM3, P{ry + t7.2 =HZ2.7}DB2, Sb.
To generate the awd transgenic strain, the wild-type awd open reading frame was cloned into the P-element transformation vector pUAST, downstream from the yeast UAS enhancer element. The resulting DNA was injected into the y, w embryos and transgenic animals isolated using the established methodology. Transgenics (two independent strains) carrying the transgene on the second chromosome were combined with the btl-GAL4 (on the second chromosome; see above). The resulting y, w; btl-GAL4, UAS-awd (homozygous viable) was used to rescue the phenotypes of the awd alleles (see text).
Antibodies
Bacterially expressed, His-tagged Awd protein was purified using Ni-NTA column (Qiagen) and the antibody raised in rabbits. Rabbit polyclonal antibody was affinity purified using protein A-agarose beads (Bio-Rad). The final IgG concentration was 2.95 mg/mL. A 1:1000 dilution was used for fluorescence staining and 1:2500 was used for Western blotting. Mouse monoclonal anti-␤-Gal antibody (Sigma) was used at 1:1500 (overnight incubation at 4°C) for colorimetric staining and 1:500 for cofluorescence staining with anti-Awd antibodies. Rabbit polyclonal anti-␤-Gal-FITC conjugate (Rockland; at 1:500) was used for fluorescence costaining with anti-dp-MAPK. Rabbit polyclonal against ERK1/2 (from Sigma) was used at 1:1000 for Western. Goat polyclonal against Drosophila EGFR (from Santa Cruz Biotechnology) was used at 1:500 for Western. Mouse monoclonal antibody against dually phospohorylated (dp-) MAPK (Sigma) was used at 1:300 dilution for overnight incubation at 4°C. Rabbit polyclonal anti-GFP was used at 1:200 dilution for overnight incubation at 4°C and 1:1000 for Westerns (from AbCam and Stressgene, respectively). For fluorescence staining, Mouse monoclonal 2A12 was from Developmental Studies Hybridoma Bank (DSHB) and used at a 1:3 dilution. Mouse monoclonal anti-Delta and anti-N ecd antibodies were from DSHB and used at a 1:200 dilution. Rat polyclonal anti-Trh antibody was a gift from B.-Z. Shilo (Weizmann Institute, Rehovot, Israel) and used at a 1:1000 dilution. Alexafluor 488-or 546-conjugated secondary antibodies were used (Molecular Probes) at a 1:200 dilution in a 2-h incubation at room temperature. For color staining, biotin-conjugated secondary antibodies (Vector) were used at a 1:1000 dilution in a 2-h incubation at room temperature. Color development used the VectaStain reagents following the manufacturer's instructions (Vector).
Western blotting and immunohistochemistry
For Western blotting, embryos were collected, dechorionated in 50% bleach (Clorox) and immediately sonicated in RIPA buffer with protease inhibitors (Roche). S2 cell extracts were prepared as described before (Hsu et al. 2001) . One hundred micrograms of total extracts were then subjected to 10%-15%-20% step-gradient SDS-PAGE. Blotting and protein detection followed standard procedures (Hsu et al. 2001) .
For immunostaining of embryos, the embryos were dechorionated, fixed for 10 min in 0.1 M HEPES (pH 6.9)/20 mM MgSO 4 containing 4% paraformaldehyde overlaid with heptane. After fixation, the embryos were recovered with methanol. Immunostaining was performed as described (Sato and Kornberg 2002) . The use of antibodies was described above.
S2 cell culture assays
S2 cell line stably expressing Drosophila EGFR (S2/DER) is a gift from A. Simcox (Ohio State University). The DNA sequence encoding the Btl-GFP chimeric protein was released from the UAS-btl-GFP construct (a gift from Makoto Sato of the University of Tokyo, Tokyo, Japan) and recloned into the pUC-HygMT expression vector (a gift from C. Thummel, the University of Utah, Salt Lake City, Utah) downstream from the metallothionein promoter. Duplex RNAs were generated as follows: The pBS-awd cDNA clone containing the awd coding sequence was PCR amplified using T7-and T3-promoter sequence primers. The DNA fragment was then used for synthesizing RNAs from either T7 promoter or T3 promoter using reagents supplied by Promega. The two complementary RNA strands were heat denatured at 80°C and annealed at 37°C in 1× TE (10 mM Tris-HCL at pH 7/1 mM Na-EDTA). Double-stranded RNA was gel purified. Control RNA duplex synthesis followed the same procedure except that the empty pBS vector was used.
Two micrograms of pUC-HygMT-btl-GFP was cotransfected with 4 µg of either control RNAi or awd full-length duplex RNA in 6-well plates with 1 mL of serum-free M3 media (from GIBCO). After 12 h, the transfection mixture was aspirated and prewarmed complete media was added. The cells were allowed to recover for 12 h. Ten micromolar CuCl 2 was added and samples were collected at 24, 48, and 72 h post-CuCl 2 treatment. For immunostaining, cells were identically treated as above except that the cells were grown on poly-lysine-treated coverslides and processed for immunohistochemistry as described (Mantrova and Hsu 1998) .
RNA in situ and immunohistochemistry double staining
The procedures followed the published protocol (Manoukian and Krause 1992) . The bnl RNA probe corresponds to the N terminus of the open reading frame (713 nt).
